Arabidopsis GBF1/ZBF2 is a bZIP transcription factor that plays dual but opposite regulatory roles in cryptochrome-mediated blue light signaling. Here, we show the genetic and molecular interrelation of GBF1 with two well characterized negative regulators of light signaling, COP1 and SPA1, in photomorphogenic growth and light-regulated gene expression. Our results further reveal that GBF1 protein is less abundant in the darkgrown seedlings and is degraded by a proteasome-mediated pathway independent of COP1 and SPA1. Furthermore, COP1 physically interacts with GBF1 and is required for the optimum accumulation of GBF1 protein in light-grown seedlings. Taken together, this study provides a mechanistic view of concerted function of three important regulators in Arabidopsis seedling development.
Light is an important environmental factor for plant growth and development (1) (2) (3) . Three distinct families of photoreceptors are involved in perception of various wavelengths of light: far-red and red light by phytochromes (phyA to phyE), blue and UV-A light by cryptochromes (cry1 to cry3) and phototropins (phot1 and phot2) (3) (4) (5) (6) . Recent studies demonstrate that, by altering the subcellular localization patterns, light controls the activity of photoreceptors. The cytosolic phytochromes are translocated into the nucleus upon light-mediated activation. Whereas cry2 is constitutively localized in the nucleus, cry1 is nuclear in the dark and is mostly cytoplasmic in the presence of light. cry3 has recently been shown to be transported into the chloroplast and mitochondria. Phototropins are mostly associated with the plasma membrane, and at least some fraction of phot1 is released into the cytoplasm upon light-mediated activation (7) (8) (9) (10) .
Significant progress has been made in recent years in understanding the functions of various downstream components in phytochrome signaling (1) (2) (3) . However, similar information in cryptochrome-mediated blue light signaling is largely unknown (3, 5) . Several regulatory proteins, including HY5, HYH, AtPP7, HFR1, SUB1, HRB1, OBP3, MYC2/ZBF1, and GBF1/ZBF2, have been reported to function in cryptochrome-mediated blue light signaling (11) (12) (13) (14) (15) (16) (17) (18) (19) . Among these regulatory proteins, HYH, AtPP7, MYC2, and GBF1 are specifically involved in blue lightmediated photomorphogenic growth.
Photomorphogenesis is associated with several physiological responses that include: opening of apical hooks, expansion of cotyledons, inhibition of hypocotyl elongation, far-red light controlled blocking of greening, and accumulation of chlorophyll and anthocyanin (20 -23) . The expression of about onethird of the total genes in Arabidopsis is altered during the shift from skotomorphogenic to photomorphogenic growth (24, 25) . COP1 acts as an ubiquitin ligase and helps to degrade the photomorphogenesis-promoting factors such as HY5, HYH, LAF1, and HFR1 in the dark (15, 26 -30) . The cop1 mutant seedlings show photomorphogenic growth in darkness, hypersensitive responses to light and less lateral roots as compared with wildtype plants (31, 32) . Recent studies have shown that COP1 interacts with SPA1, and this interaction modulates the proteasome-mediated degradation of HY5, HFR1, and LAF1 (33) (34) (35) (36) (37) . SPA1 was originally isolated as a negative regulator of far-red light signaling. The spa1 mutants are hypersensitive to far-red light, red light, and blue light (33, 38, 39) .
A group of bZIP transcription factors (GBFs) 3 has been isolated that can specifically interact with the G-box, one of the four light-responsive elements commonly found in the lightregulated promoters (40 -45) . The subcellular localization studies indicate that the light-controlled nuclear translocation is one of the important mechanisms for the activities of GBFs (46) . However, the specific functions of most these genes in vivo have yet to be defined. Recently, GBF1/ZBF2 has been identified in a Southwestern screen using the Z-box light-responsive element as ligand (19) . The investigation of physiological functions of GBF1 has revealed that it functions in cryptochromemediated blue light signaling and plays a dual but opposite regulatory role in Arabidopsis seedling development (19) . In this study, we show the functional relationships of GBF1 with two well-characterized negative regulators of light signaling, COP1 and SPA1, in Arabidopsis seedling development.
EXPERIMENTAL PROCEDURES
Plant Materials, Growth Conditions, and Generation of Double Mutants-Surface-sterilized seeds of Arabidopsis thaliana were sown on MS plates, stratified at 4°C in darkness for [3] [4] [5] days, and transferred to specific light conditions at 22°C. The Arabidopsis growth conditions and the intensities of continuous light sources used in this study have been described in a previous study (18) . For the generation of double mutants, such as gbf1-1 cop1-4, gbf1-1 cop1-6, or gbf1-1 spa1-1 homozygous gbf1-1 mutant plants were crossed individually with cop1-4, cop1-6, or spa1-1 homozygous mutant lines. In F2 generation, seedlings were grown in WL (60 mmol m Ϫ2 s Ϫ1 ) for the identification of cop1-4 or cop1-6 homozygous lines, or FR (40 mmol m Ϫ2 s Ϫ1 ) for spa1-1 homozygous lines, and seedlings with typical short hypocotyls phenotype of cop1 mutants were selected and transferred to soil. For spa1, seedlings were kept in WL for 2 days and then short hypocotyls phenotype spa1 mutants were transferred to soil. To determine the genotype at gbf1 locus, ϳ40 seedlings from each line were tested by genomic PCR. F3 progeny that are homozygous for gbf1-1 mutant plants were further examined and considered as gbf1 cop1-4, gbf1 cop1-6, or gbf1 spa1 double mutants. Blocking of greening phenotype of cop1 and gbf1 cop1 was done as described before (47) . Root growth and flowering phenotype experiments were carried out essentially as described (19) . FR-mediated blocking of greening phenotype was carried out as described (33) .
For 26 S proteasome inhibitors (MG132, MG115, and N-acetyl-leucyl-leucyl-norleucinal) and DMSO treatments, the seedlings were grown under required light conditions (as mentioned in the figure legends) and then seedlings were collected by forceps and incubated in liquid MS medium (Sigma) containing proteasome inhibitor (50 M dissolved in DMSO) or containing 0.1% DMSO under required conditions as indicated in text for 12 h. At the end of the incubation, the seedlings were thoroughly washed with liquid MS medium three times to remove residual proteasome inhibitor or DMSO, and the seedlings were either incubated in liquid MS medium for different time points as indicated in text or frozen in liquid nitrogen for total protein extraction.
Affinity Purification of GBF1 Antibody-The antibody of GBF1 was raised against N-terminal GBF1 protein (from 1 to 172 amino acids) by Bangalore GeneI, Bangalore, India. The steps of affinity purification of antibodies are given below.
Ligand coupling: 2-3 mg of 6ϫ His-⌬N-ZBF2 protein was dialyzed against 13% polyethylene glycol 8000 in coupling buffer (0.2 M NaHCO 3 , 0.5 M NaCl, pH 8.3) to concentrate to 1 ml. The top cap of the NHS-HP column was removed, and a drop of ice-cold 1 mM HCl was added to avoid air bubbles. A Hi-Trap adaptor was connected to the top of the column. Isopropanol in the column was washed with ice-cold 1 mM HCl with a flow rate of 1 ml/min. Immediately afterward, 1 ml of ligand solution was injected into the column, and the column was left to stand for 4 h at 4°C. Any excess active groups not coupled to the ligand were deactivated and washed out by washing with Buffer A (0.5 M ethanolamine, 0.5 M NaCl, pH 8.3) and Buffer B (0.1 M sodium acetate, 0.5 M NaCl, pH 4.0). Finally, 2 ml of phosphate-buffered saline buffer with neutral pH was injected.
Antibody purification: A blank run was performed before the experiment to ensure loosely bound ligand is washed off. The column was prepared by washing with 3 ml of start buffer (phosphate-buffered saline) and 3 ml of elution buffer (100 mM glycine, pH 2.5). The column was equilibrated with 10 column volumes of start buffer. Antibody sample was adjusted to the composition of start buffer. This was done by diluting the sample with start buffer. The sample was filtered through a 0.45 m filter before it was applied to the column. Antibody sample was applied using a syringe fitted to luer adaptor. A flow rate of 0.2-1 ml/min was maintained. The column was incubated for 4 -6 h in a cold room. Then the column was washed with 5-10 column volumes of start buffer, until no material was left in the effluent. Antibody was eluted with 1-3 ml of elution buffer. Column was re-equilibrated by washing with 5-10 column volumes of start buffer. Column is stored in storage buffer (0.05 M sodium phosphate buffer, 0.1% sodium azide, pH 7.0).
Total Protein Extraction from Arabidopsis-The seedlings (100 mg) were frozen in liquid nitrogen and ground in 300 l of grinding buffer (400 mM sucrose, 50 mM Tris-Cl, pH 7.5, 10% glycerol, 2.5 mM EDTA), and phenylmethylsulfonyl fluoride was added (0.5 l for every 100 l of grinding buffer). The protein extract was transferred to fresh microcentrifuge tube and centrifuged at 5000 rpm for 5 min to pellet down the debris. The supernatant was transferred to a fresh tube, and an aliquot of 5 l was taken out in a separate tube for the estimation of protein by Bradford assay. To the rest of the protein extract, appropriate volume of 4ϫ sample buffer (200 mM Tris-Cl, pH 6.8, 400 mM dithiothreitol, 4% SDS, 0.025% Bromphenol Blue, 20% glycerol), i.e. 1/4th of grinding buffer ϭ volume of 4ϫ sample buffer, was added and boiled for 5 min before loading on SDS-PAGE.
Western Blot Analysis-Western blotting was performed using the SuperSignal West Pico chemiluminescent substrate kit (Pierce) and following the instructions as described in the user's manual provided by the manufacturer. The samples were then run on SDS-PAGE gel and transferred to Hybond ECL nitrocellulose membrane (GE Healthcare) at 100 mA for 2 h in transfer buffer (Tris (7.56 g), glycine (47 g), 20% methanol in 2.5 liters) in Mini blot protein gel apparatus (GE Healthcare). 40 g of total protein was used for Western blot analysis. The membrane was stained with Ponceau-S to confirm the protein transfer and washed with sterile milli-Q water. The membrane was then incubated for 1 h in 2 ml of blocking buffer (5% nonfat dry milk in Tris-buffered saline and 0.05% Tween 20) at room temperature with shaking. The blocking reagent was removed, and the affinity-purified primary antibody diluted (1:300 to 1:500) in 15 ml of blocking buffer with 0.05% Tween 20 was added and incubated for 2 h with shaking at room temperature. The membrane was then washed with 15 ml of wash buffer (Tris-buffered saline and 0.05% Tween 20) for thrice, 5 min each. The secondary antibody, conjugated with horseradish peroxidase diluted (1:20,000) in 15 ml of blocking buffer with 0.05% Tween 20, was added and incubated for 1 h with shaking at room temperature. The membrane was washed with 15 ml of wash buffer for five times at room temperature. The working solution of substrate was prepared by mixing peroxide solution and luminol/enhancer solution in 1:1 ratio, and the blot was incubated in that working solution for 5 min in darkness. The blot was then removed from the working solution and covered with plastic wrap in a cassette and exposed to x-ray film for different times.
The actin band probed with anti-actin (Catalog no. A0A80, Sigma) antibodies was used as a loading control.
Protein-Protein Interaction Studies-In vitro binding assay: GST and GST-GBF1 fusion proteins were expressed in Escherichia coli strain (BL21/DE3) and purified using glutathione-agarose beads (GE Healthcare) as described (18) . About 5 mg of GST or GST-GBF1 was bound to the glutathioneSepharose 4B beads by incubating for 2 h at 4°C. Beads were washed and incubated with COP1-6His (5 mg) for overnight at 4°C. Beads were washed thrice with the binding buffer, boiled with the loading dye, and loaded onto the SDS-PAGE. The blot was probed with anti-COP1 antibodies. To generate constructs for yeast two-hybrid assays, full-length GBF1 and HY5 were cloned into pGADT7 vector with ECOR1-BamH1 and Nde1-Cla1 restriction sites, respectively, to produce translational fusions with the activation domain. To generate DBD-COP1, an EcoR1-Pst1 PCR fragment of full-length COP1 was cloned into the corresponding sites of the vector pGBKT7 (Clontech) to produce translational fusion with DNA binding domain. The constructs were transformed into Yeast strain AH109 according to the Clontech protocol. Expression of AD-GBF1 and AD-HY5 fusion proteins were examined by hemagglutinin and DBD-COP1 by c-Myc antibodies. The protein-protein interactions were examined by ␤-galactosidase assays. The relative ␤-galactosidase activities were calculated according to Clontech instructions. In vitro The coimmunoprecipitation experiment was as follows: ϳ5 mg of anti-GST antibodies was bound to protein A-agarose beads by incubating for 6 h at 4°C. After washing the beads bound to the antibodies, GST-GBF1 and COP1-6His proteins were added and incubated for overnight at 4°C in a 250-ml reaction volume. Beads (pellet) were washed thrice with the binding buffer, boiled with the loading dye, and loaded separately along with the supernatant onto SDS-PAGE. The blot was probed with anti-COP1 antibodies.
Chlorophyll and Anthocyanin Measurements-Chlorophyll and anthocyanin levels were measured following protocols as described in a previous study (15) .
Quantitative Real-time PCR Analyses-Wild-type and different mutant seedlings were grown under required conditions. Total RNA was extracted from seedlings at different time points using an RNeasy Plant Mini Kit (Qiagen), and cDNA were synthesized from total RNA using a Titan One Tube RT-PCR system (Roche Applied Science) following the manufacturer's instructions. Real-time PCR analyses of gene expression were carried out by using LightCycler FastStart DNA Master-PLUS SYBR Green I (Roche Applied Science) and LightCycler 2.0 system (Roche Applied Science). Primer sequences used for PCR amplification of CAB1 were 5Ј-CCCATTTCTTGGCTT-ACAACAAC-3Ј and 5Ј-TCGGGGTCAGCTGAAAGTCCG-3Ј; primers for RBCS-1A were 5Ј-GAGTCACACAAAGAGT-AAAGAAG-3Ј and 5Ј-CTTAGCCAATTCGGAATCGGT-3Ј; primers for ADH1 were 5Ј-CCGAAAGACCATGACAAGCCAA-3Ј and 5Ј-GATGCAACGAATACTCTCTCCC-3Ј; primers for ACTIN2 were 5Ј-GCCATCCAAGCTGTTCTCTC-3Ј and 5Ј-GCTCGTAGTCAACAGCAACAA-3Ј. The transcript levels are normalized to the level of ACTIN2 transcript abundance.
RESULTS

The Photomorphogenic Growth of cop1 Mutants in Dark Is
Enhanced in gbf1 cop1 Double Mutants-Acting as an E3 ubiquitin ligase, COP1 helps to degrade or stabilize several regulatory proteins in darkness and thereby suppresses photomorphogenesis. The cop1 mutants display photomorphogenic growth in the dark and hypersensitive responses to various wavelengths of light. We ask whether the BL-specific transcription factor, GBF1, which plays both positive and negative regulatory roles in light signaling, is functionally related to COP1. Among the various alleles of cop1 mutants identified and characterized, cop1-4 and cop1-6 mutants are relatively weak alleles, and cop1-6 mutants display shorter hypocotyl than cop1-4 in the darkness. Because the null alleles of cop1 are seedling-lethal, we chose cop1-4 and cop1-6 mutants for our studies. Whereas cop1-4 encodes a truncated COP1 terminated at amino acid 282, cop1-6 allele contains an in-frame five-amino acid insertion between codons 301 and 302.
To determine the genetic interactions between COP1 and GBF1, we constructed gbf1-1 cop1-4 and gbf1-1 cop1-6 double mutants and investigated the morphology of the double mutants in darkness and various light conditions. Although gbf1 seedlings did not exhibit any altered morphology in darkness, gbf1 cop1 double mutants exhibited shorter hypocotyl than cop1 mutants, suggesting that gbf1 and cop1 function synergistically in repressing photomorphogenic growth in the darkness (Fig. 1A) . We then examined the growth of 6-day-old gbf1 cop1 double mutants under various light conditions, including red light (RL), far-red light (FR), and blue light (BL). The gbf1 cop1 double mutants were significantly shorter than cop1 or gbf1 single mutants in BL (Fig. 1B) , indicating an additive effect of gbf1 and cop1 mutations on BL-mediated inhibition of hypocotyl elongation. However, in WL (white light), RL, or FR, gbf1 cop1 seedlings were morphologically indistinguishable from cop1 single mutants, suggesting that cop1 is epistatic to gbf1 in WL-, RL-, or FR-mediated inhibition of hypocotyl elongation (Fig. 1, C-E) .
Although GBF1 plays a negative regulatory role in BL-mediated inhibition of hypocotyl elongation, it acts as a positive regulator of cotyledon expansion. The cotyledons of gbf1 mutants are less expanded compared with corresponding wild-type seedlings (19) . The BL-grown cop1-4 mutant seedlings have more expanded cotyledons than wild type, however this effect is less prominent in cop1-6 mutant seedlings. Examination of the cotyledon size revealed that gbf1 cop1 double mutants have cotyledon size similar to wild-type seedlings suggesting that GBF1 and COP1 function antagonistically in regulating the BL-mediated cotyledon expansion (Fig. 1F) .
The Fusca and Blocking of Greening Phenotypes of cop1 Are Further Enhanced in gbf1 cop1 Double Mutants-The cop1 mutants display dark purple color fusca phenotype due to high level accumulation of anthocyanin, however such effects are not visible in gbf1 mutants. The number of fusca phenotype, when examined, was dramatically increased in gbf1 cop1 double mutants as compared with cop1 single mutants. Although the effect was only visible in gbf1 cop1-6 double mutants at lower fluence rates of WL, both gbf1 cop1-4 and gbf1 cop1-6 double mutants displayed higher percentage of fusca phenotype at higher intensity of WL (Fig. 2, A and B) . Consistent with this observation, the quantification of anthocyanin levels revealed an increase in anthocyanin accumulation in gbf1 cop1 double mutants as compared with cop1 alone (Fig. 2C) .
The dark-grown cop1 mutants are sensitive to high intensity light, and some of them do not turn green when transferred to light. The COP1-mediated blocking of greening phenotype becomes more intense with longer incubation in the darkness (47) . We examined the blocking of greening effects in gbf1 cop1 double mutants. A lower percentage of gbf1 cop1 double mutants than cop1 alone were able to turn green when 5-dayold dark-grown seedlings were transferred to light (Fig. 2D) , suggesting that gbf1 can enhance the blocking of greening phenotype of cop1. Examination of chlorophyll contents reveals that the chlorophyll content of gbf1 cop1 double mutants was lower than either of the single mutants (Fig. 2E) .
The Altered Root Growth and Flowering Time of cop1 Mutants Are Enhanced by Additional Loss of Function of GBF1-Both cop1
and gbf1 plants show less number of lateral roots compared with wild-type plants, although the effect is more pronounced in cop1 mutants. To determine the genetic relationships between cop1 and gbf1 mutant plants in lateral root formation, we examined the root growth of 16-day-old gbf1 cop1 double mutants and compared with cop1 or gbf1 single mutants. As shown in Fig. 3A , gbf1 cop1 double mutants developed fewer lateral roots compared with gbf1 or cop1 single mutants. There was hardly any lateral root visible in gbf1 cop1-6 double mutants up to 16 days. Mutations in GBF1 or COP1 result in early flowering under long day conditions. Examination of flowering time in gbf1 cop1 double mutants revealed that the early flowering phenotype of gbf1 is significantly (p Ͻ 0.02) enhanced in gbf1 cop1 double mutant background under long day conditions (Fig. 3B) .
GBF1 and SPA1 Act in an Independent and Interdependent Manner in BL-mediated Photomorphogenic Growth-The light-specific negative regulator, SPA1, has been shown to be functionally associated with COP1 in degradation of photomorphogenesis-promoting factors in the dark. The loss-offunction mutants of SPA1 do not show any morphological defects in the darkness; however, spa1 mutants show hypersensitive response to far-red, red, and blue light. Three alleles of Interplay of GBF1, COP1, and SPA1 DECEMBER 19, 2008 • VOLUME 283 • NUMBER 51
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spa1 mutant were originally identified, which showed similar morphological defects. Among these, in spa1-1 mutants, SPA1 carries a single base pair substitution resulting in a stop codon, and thereby produces a 848-amino acid truncated protein.
Because analyses of gbf1 cop1 double mutants reveal functional interrelation between GBF1 and COP1, we ask whether GBF1 is also functionally connected to SPA1. To examine possible genetic interactions between gbf1 and spa1, we constructed gbf1-1 spa1-1 double mutants and examined their growth in darkness and various light conditions. The dark-grown gbf1 spa1 double mutant seedlings showed wildtype phenotype, similar to gbf1 or spa1 single mutants. In WL and BL, the enhanced inhibition of hypocotyl elongation caused by gbf1 mutations was found to be similar to spa1. The gbf1 spa1 double mutants displayed hypocotyl length similar to gbf1 or spa1 single mutants, suggesting that gbf1 and spa1 act independently in WL-and BL-mediated inhibition of hypocotyl elongation (Fig. 4, A and C) . However, under RL or FR, gbf1 spa1 double mutants showed similar hypocotyl lengths to spa1, suggesting spa1 is epistatic to gbf1 in RL-or FR-mediated inhibition of hypocotyl elongation (Fig. 4, B and D) . Similar to cop1 mutants, spa1 mutants also display more expanded cotyledons in BL. The cotyledon size of gbf1 spa1 double mutants was found to be similar to spa1 in BL, suggesting that spa1 is epistatic to gbf1 in BL-mediated cotyledon expansion (Fig. 4E) .
Genetic Interactions between GBF1 and SPA1 Modulate Physiological Responses and Root Growth-When grown in RL and FR, spa1 mutants accumulate higher levels of anthocyanin than wild-type seedlings. Although gbf1 mutants do not display significant difference in anthocyanin accumulation as compared with wild type, the anthocyanin content of gbf1 spa1 double mutants was drastically increased as compared with corresponding single mutants in BL (Fig. 5A) . On the other hand, accumulation of anthocyanin in gbf1 spa1 double mutants was found to be similar to spa1 alone in WL and FR (Fig. 5, B and C) . Pre-exposure to FR of Arabidopsis seedlings prevent greening when seedlings are subsequently exposed to WL. To determine the FR-mediated blocking of greening effect in gbf1 spa1 double mutants, we grew the seedlings in FR for 3 days and then transferred them to white light. Whereas gbf1 or spa1 mutant seedlings showed ϳ20 -80% of pale green phenotype with no visible bleaching effects, Ͼ40% gbf1 spa1 double mutants were completely bleached out (Fig. 5D ). However, because gbf1 and spa1 mutants are in different ecotype backgrounds, the slight differences in bleaching effects may be attributed to such background differences. Measurement of chlorophyll contents showed dramatic reduction in accumulation of chlorophyll in gbf1 spa1 double mutants as compare with gbf1 or spa1 single mutants (Fig. 5E ).
To determine whether mutation in SPA1 could modulate the lateral root formation in gbf1, we examined the root growth of gbf1 spa1 double mutants. Examination of root growth of 16-day-old adult plants revealed that spa1 single mutants also produced less lateral roots similar to gbf1 mutants, and the effect was more severe in spa1 mutants than gbf1 (Fig. 5F ). The number of lateral roots formed in gbf1 spa1 double mutants was found to be between the number of lateral roots formed in gbf1 or spa1 single mutants at 16-day-old plants, suggesting that GBF1 and SPA1 function antagonistically in controlling the lateral root formation (Fig. 5F) .
The Modulation of Light-inducible Gene Expression by GBF1, COP1, and SPA1-The light-mediated induction of CAB and RBCS gene expression is differentially regulated by GBF1. Whereas GBF1 acts as a positive regulator of CAB, it acts as a negative regulator of RBCS gene expression. To determine the effect of genetic interactions between gbf1 and cop1 or spa1 mutants on light-regulated gene expression, we monitored the induction of CAB1 and RBCS-1A genes in BL by quantitative real-time PCR. For this experiment, 5-day-old dark-grown seedlings were exposed to BL for 8 h. In dark-grown seedlings, the expression of CAB1 was found to be significantly higher in cop1 or spa1 mutants as compared with gbf1 or wild-type backgrounds. Similar higher level expression was detected in corresponding double mutants (Fig. 6A) . Consistent with the earlier results (19) , the BL-mediated induction of CAB1 was significantly reduced in gbf1 mutants as compared with wild type (Fig.  6A) . The higher level induction of CAB1 in cop1 mutants was also reduced in gbf1 cop1 double mutants after 8-h exposure to BL, suggesting that gbf1 and cop1 may function antagonistically in regulating the expression of CAB1. On the other hand, the level of induction of CAB1 was significantly elevated in spa1 mutants as compared with wild type and remained about the same in gbf1 spa1 double mutants with no detectable effect of gbf1 mutation (Fig. 6A ). These results demonstrate that SPA1 acts as a negative regulator of CAB1 expression and spa1 is epistatic to gbf1 in BL-mediated induction of CAB1 expression.
The level of expression of RBCS-1A was found to be higher in cop1 and also in gbf1 cop1 double mutants in dark-grown seedlings (Fig. 6B ). However, no elevated level of expression of RBCS-1A was detected either in spa1 or gbf1 spa1 double mutants in darkness. The light-induced expression of RBCS-1A was significantly elevated in gbf1 cop1 double mutants as compared with gbf1 or cop1 single mutants, suggesting an additive function of GBF1 and COP1 in the regulation of RBCS-1A gene expression in BL. Similar additive function of GBF1 and SPA1 was also detected in BL-mediated induction of RBCS-1A gene expression (Fig. 6B) .
GBF1 Accumulates at a Lower Level in Dark-grown Seedlings-
The stability of the regulatory proteins plays an important role in light-mediated seedling development. Earlier studies have shown that GBF1 mRNA was present at higher level in darkness as compared with WL-grown seedlings. Furthermore, it has also been shown that the accumulation of GBF1 protein remains at the similar levels in darkness and lower intensity of WL. To further test and expand our understanding about the pattern of accumulation of GBF1 protein in wild-type background, we grew the seedlings in darkness or at various fluence rates of WL and performed immunoblot analyses. It is worth mentioning here that, although the affinity-purified antibody to GBF1 is sufficiently specific to monitor the level of GBF1 protein, it cross-reacted with a protein band (also present in gbf1 null mutant background) that migrates just below GBF1. Furthermore, to examine whether the affinity-purified antibody of GBF1 used in this study was able to cross-react with GBF2 or GBF3 proteins, we performed Western blot analyses using purified GST-GBF1, GST-GBF2, and GST-GBF3 proteins. However, no cross-reactivity was detected (Fig. 7E) . As shown in Fig.  7A , whereas the GBF1 protein accumulated to a lower level in darkness or at lower intensity of WL, the level of GBF1 protein increased at higher fluence rates of WL. To determine kinetics of accumulation of GBF1 protein, we transferred 4-day-old dark-grown seedlings to WL for various time points. GBF1 protein was detectable at lower levels in dark-grown seedlings, and the level of accumulation of the protein increased with longer exposure to WL (Fig. 7B) . These results collectively suggest that GBF1 protein accumulates to a lower level in darkness and at lower intensity of WL, however it accumulates at higher levels at higher fluence rates of WL.
Because GBF1 is a BL-specific transcription factor, we wanted to determine whether the light-mediated accumulation of GBF1 protein is specific to a particular wavelength of light. To address this question, seedlings grown in the constant darkness or various wavelengths of light were used. As shown in Fig.  7C , although slightly increased levels of accumulation of GBF1 protein were detected in RL and FR, the level of accumulation was found to be maximum in WL and BL. To further test these results, we transferred dark-grown seedlings to RL, FR, or BL for various time points and monitored the GBF1 protein level. Similar to WL, GBF1 protein accumulated at higher levels in seedlings exposed to BL (Fig. 7D) . Whereas exposure to RL showed a weak increase in the level of accumulation of GBF1 protein, there was hardly any increased level of accumulation of the protein in FR (Fig. 7D) . Taken together, these results suggest that light-mediated accumulation of GBF1 is more prominent in BL and WL.
Degradation of GBF1 in Dark Is Independent of COP1 and SPA1-To determine the possible roles of COP1 or SPA1 in the accumulation of GBF1 protein, we examined the level of GBF1 in cop1 or spa1 mutant backgrounds in dark-and light-grown conditions. As shown in Fig. 8A , the level of GBF1 protein was similar in cop1, spa1, and wild-type seedlings in darkness, suggesting that COP1 or SPA1 are not involved in the reduced stability of GBF1 protein in the darkness. In contrast, the level of GBF1 protein was significantly reduced in WL-grown cop1 or spa1 mutants as compared with wild-type seedlings (Fig. 8B) . However, the effect of cop1 or spa1 mutations was not seen at lower fluence rates of WL (Fig. 8B) . Because the accumulation of GBF1 was found to be higher in BL similar to WL, we examined whether COP1 and SPA1 were also required for the stability of GBF1 in BL. We performed immunoblot experiments using seedlings grown in BL. As shown is Fig. 8C , whereas there was a slight reduction (if any) in the level of GBF1 protein in spa1 mutants, a drastic reduction in the accumulation of GBF1 was detected in cop1 mutant backgrounds in BL. The GBF1 protein levels did not alter in hy5 and hyh mutant backgrounds ), or BL (40 mol m Ϫ2 s Ϫ1 ) for various time points. gbf1 indicates immunoblot using 6-day-old constant RL, FR, or BL grown gbf1 seedlings. E, specificity of affinity-purified GBF1 antibody. Immunoblot analysis of GST-GBF1 and GST-GBF2 and GST-GBF3 proteins. Affinitypurified GBF1 antibodies were used as primary antibody for detection. The same blot was probed with anti GST antibody to show equal loading (star).
in BL, used as controls. We also tested the level of accumulation of GBF1 protein in RL or FR in cop1 or spa1 mutant backgrounds. However, the level of GBF1 protein remained unaltered in cop1 or spa1 mutants under either RL or FR condition (Fig. 8, D-E) . Taken together these results suggest that, whereas COP1 and SPA1 are required to maintain the higher level of accumulation of GBF1 in WL, COP1 is predominantly involved in the accumulation of GBF1 protein in BL.
GBF1 Is Degraded through a 26 S Proteasome-dependent Pathway in Dark-To examine whether the lower level accumulation of GBF1 in dark-grown seedlings was due to GBF1 degradation mediated by the 26 S proteasome, we tested the effects of proteasome inhibitors, MG132, MG115, and N-acetyl-leucyl-leucyl-norleucinal, on GBF1 protein accumulation. Four-day-old dark-grown wild-type seedlings were treated with proteasome inhibitors or mock treated with 0.1% DMSO for 12 h, and total protein was extracted and used for immunoblot analysis. As shown in Fig. 9A , treatment with proteasome inhibitors significantly increased GBF1 protein accumulation in dark-grown seedlings. Next, we carried out a timecourse experiment to determine the degradation kinetics of GBF1 protein in dark-grown seedlings. For this experiment, 5-day-old dark-grown wild-type or cop1 mutant seedlings were treated with MG132 or mock treated with 0.1% DMSO for 12 h. The seedlings were then washed in the dark and incubated in darkness for different time points. Total protein was extracted and subjected to immunoblot analysis. As shown in Fig. 9 (B-D) , significantly higher levels of GBF1 protein were detected up to 6 h after the treatment of MG132 as compared with DMSO treatment both in wildtype and cop1 mutants. Furthermore, the level of GBF1 protein declined similarly at 12 h either in wild-type or cop1 mutant background. These results demonstrate that GBF1 protein is subject to 26 S proteasome-mediated proteolysis in dark-grown seedlings. These results, taken together with the results in Fig. 8A , further demonstrate that the 26 S proteasome-mediated degradation of GBF1 in the dark is indeed independent of COP1.
To determine whether lower level accumulation of GBF1 protein at lower fluence rates of WL (Figs. 7A and 8B) is due to GBF1 degradation mediated by the 26 S proteasome, we performed similar experiments as described above. However, as shown in Fig. 9E , the level of GBF1 protein remained at the similar levels either in DMSO-or MG132-treated seedlings, suggesting that reduced accumulation of GBF1 at lower fluences of WL is not due to 26 S proteasome-mediated proteolysis.
GBF1 Physically Interacts with COP1-To determine whether the requirement of COP1 for the optimum level of accumulation of GBF1 protein is through direct physical interactions between these two proteins, we carried out proteinprotein interaction studies. To examine such possible physical interactions, first an in vitro binding experiment was performed. As shown in Fig. 10A , the amount of COP1 retained by GST-GBF1 beads were significantly higher than the background level of COP1 retained by the control GST beads. Because equal amounts of GST-GBF1 or GST were used in the binding experiments, these results indicate a direct proteinprotein interaction between GBF1 and COP1 in vitro. To further substantiate the observed in vitro COP1 and GBF1 interaction, a yeast two-hybrid protein-protein interaction assay was carried out. As shown in Fig. 10B , chimeric fusion protein of the GAL4 activation domain and GBF1 (AD-GBF1) or HY5 (AD-HY5; used as a control) activated transcription of the lacZ reporter gene in the presence of GAL4 DNA-binding domain-COP1 fusion protein (BD-COP1) but not with GAL4 DNA binding domain (BD) alone, suggesting a direct protein-protein interaction between COP1 and GBF1 in yeast cells. Finally, we performed an in vitro coimmunoprecipitation experiment to further substantiate the physical interaction between GBF1 and COP1 proteins. As shown in Fig. 10C , GBF1 interacted with COP1 in an in vitro interaction assays using recombinant proteins. Approximately 11% of the added COP1 protein was coimmunoprecipitated with GST-GBF1, whereas Ͻ0.8% of the added COP1 was able to bind to GST alone. Taken together, these results demonstrate that GBF1 can physically interact with COP1.
DISCUSSION
In this study, we establish the genetic and molecular relationships of a BL-specific transcription factor, GBF1, with two well characterized negative regulators of light signaling, COP1 and SPA1 in photomorphogenic growth and light-regulated gene expression. This study further demonstrates that GBF1 protein is less abundant in the dark-grown seedlings and is degraded by a proteasome-mediated pathway independent of COP1 and SPA1. On the other hand, COP1 physically interacts with GBF1 and is required for the optimum accumulation of GBF1 protein in light-grown seedlings (Fig. 10D) .
The Integrated Functions of GBF1, COP1, and SPA1 in Photomorphogenic Growth and Light-regulated Gene Expression-The double mutant analyses reveal that GBF1 and COP1 function redundantly in the dark to suppress photomorphogenic growth. The enhanced inhibition of hypocotyl elongation displayed by gbf1 mutants in WL requires functional COP1, however not in BL (Fig. 1) . Thus, whereas GBF1 requires COP1 function in darkness to suppress photomorphogenic growth, these two proteins are likely to function in parallel pathways and in an additive manner to suppress photomorphogenic growth in BL. GBF1 and SPA1 appear to act as independent negative regulators in WL-mediated inhibition of hypocotyls elongation (Fig. 4) . GBF1 acts as a positive regulator of cotyledon expansion and the expanded cotyledon phenotype of cop1-4 mutants was completely suppressed in gbf1 cop1double mutants in BL. Therefore, GBF1 and COP1 act antagonistically in BL-mediated cotyledon expansion. On the other hand, gbf1 spa1 double mutants exhibit similar cotyledon expansion as spa1 single mutants suggesting that the positive regulatory function of GBF1 requires functional SPA1.
The differential regulation of GBF1 in CAB1 and RBCS-1A gene expression is almost nullified in gbf1 cop1 and gbf1 spa1 double mutants, because both the genes are expressed at higher levels in double mutant backgrounds (Fig. 6) . However, the lightmediated enhanced expression of CAB1 in cop1 mutants was significantly reduced in gbf1 cop1 double mutants suggesting that COP1 and GBF1 might play antagonistic roles in the regulation of CAB1 gene expression. The expression of CAB1 was derepressed in the dark in spa1 mutants, however no such effect of spa1 mutation was detected on RBCS-1A gene expression. The higher level expression of RBCS-1A in cop1 or gbf1 mutants was further enhanced in gbf1 cop1 and gbf1 spa1 double mutants. Therefore, GBF1 functions in an additive manner with COP1 or SPA1, and thus likely acts in parallel pathways to regulate the expression of RBCS-1A.
Accumulation of GBF1 Depends on the Presence of COP1 and SPA1 in Light-grown Seedlings-Light-regulated shuttling of COP1 between the nucleus and cytoplasm is an important regulatory mechanism of light-mediated seedling development (3, 27) . COP1 degrades several photomorphogenesis promoting factors in the dark to suppress photomorphogenic growth in the darkness. SPA1 is an associated factor of COP1 for the degradation of some of these regulatory proteins such as HY5, LAF1, and HFR1 (28, 29, (33) (34) (35) (36) . On the contrary, COP1 positively regulates PIF3 accumulation in darkness (48) .
Our results demonstrate that, whereas COP1 and SPA1 are not associated with the stability of GBF1 protein in the dark, functional COP1 protein is required to maintain the stability of GBF1 protein in WL and BL. This study further demonstrates that GBF1 physically interacts with COP1, suggesting a direct role of COP1 in maintaining the stability of GBF1 protein. GBF1 plays both negative and positive regulatory roles in Arabidopsis seedling development. Higher level accumulation of GBF1 results in elongated hypocotyls, however more expanded cotyledons (19) . Therefore, a fine-controlled level of GBF1 is likely to be essential to obtain light-mediated optimum photo- A, 5-day-old dark-grown wild-type seedlings were treated with MG132, MG115, or N-acetyl-leucyl-leucyl-norleucinal or mock treated with 0.1% DMSO for 12 h. Col and gbf1 indicate wild-type and gbf1 mutant seedlings without treatments. Total protein was extracted and subjected to immunoblot analysis. B, 5-day-old darkgrown wild-type (WT) or cop1-4 mutant seedlings were treated with MG132 or mock treated with 0.1% DMSO for 12 h. The seedlings were then thoroughly washed in the dark and incubated in darkness for different time points. Total protein was extracted and subjected to immunoblot analysis. C, quantification and normalization (by Fluor-S-MultiImager (Bio-Rad)) of the protein levels with the actin band as shown in B (WT). D, quantification and normalization (by Fluor-S-MultiImager (Bio-Rad)) of the protein levels with the actin band as shown in B (cop1). E, 5-day-old WL-grown wild-type seedlings were treated with MG132 or mock treated with 0.1% DMSO for 12 h. The seedlings were then thoroughly washed and incubated in WL for different time points. Total protein was extracted and subjected to immunoblot analysis. morphogenic growth. Because GBF1 protein accumulates at higher levels with higher fluence rates of WL in a COP1-dependent manner, it could be envisioned that light-induced translocation of COP1 between nucleus and cytosol might be a potential mechanism to control the level of GBF1 protein and thereby its function in photomorphogenesis.
The mechanism of differential regulatory function of GBF1, COP1, and SPA1 remains to be elucidated. One plausible explanation of differential regulatory roles of COP1 and SPA1 might be that they differentially degrade or stabilize the proteins with positive or negative regulatory functions (for example HY5 and PIF3) and thereby differentially regulate the expression of the target genes. GBF1, on the other hand, might function either as a transcriptional activator or repressor, depending on the promoter determinants of the target genes. Alternatively, it could be envisioned that hetero-dimerization of GBF1 with other bZIP proteins (such as HY5 or HYH) might be a potential mechanism to generate positive and negative regulators, which in turn play positive or negative regulatory roles in signaling cascades. In either case, further study is required to test the possibility.
